Once thought to be the consequence of oxygen lack in contracting skeletal muscle, the glycolytic product lactate is formed and utilized continuously under fully aerobic conditions. ' Cell-cell ' and ' intracellular lactate shuttle ' concepts describe the roles of lactate in the delivery of oxidative and gluconeogenic substrates, as well as in cell signalling. Examples of cell-cell shuttles include lactate exchanges between white-glycolytic and red-oxidative fibres within a working muscle bed, between working skeletal muscle and heart, and between tissues of net lactate release and gluconeogenesis. Lactate exchange between astrocytes and neurons that is linked to glutamatergic signalling in the brain is an example of a lactate shuttle supporting cell-cell signalling. Lac-
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and ' intracellular lactate shuttle ' concepts describe the roles of lactate in the delivery of oxidative and gluconeogenic substrates, as well as in cell signalling. Examples of cell-cell shuttles include lactate exchanges between white-glycolytic and red-oxidative fibres within a working muscle bed, between working skeletal muscle and heart, and between tissues of net lactate release and gluconeogenesis. Lactate exchange between astrocytes and neurons that is linked to glutamatergic signalling in the brain is an example of a lactate shuttle supporting cell-cell signalling. Lac-tate uptake by mitochondria and pyruvate-lactate exchange in peroxisomes are examples of intracellular lactate shuttles. Lactate exchange between sites of production and removal is facilitated by monocarboxylate transport proteins, of which there are several isoforms, and, probably, also by scaffolding proteins. The mitochondrial lactatepyruvate transporter appears to work in conjunction with mitochondrial lactate dehydrogenase, which permits lactate to be oxidized within actively respiring cells. Hence mitochondria function to establish the concentration and proton gradients necessary for cells with high mitochondrial densities (e.g. cardiocytes) to take up and oxidize lactate. Arteriovenous difference measurements on working cardiac and skeletal muscle beds as well as NMR spectral analyses of these tissues show that lactate is formed and oxidized within the cells of formation in vivo. Glycolysis and lactate oxidation within cells permits high flux rates and the maintenance of redox balance in the cytosol and mitochondria. Other examples of intracellular lactate shuttles include lactate uptake and oxidation in sperm mitochondria and the facilitation of P-oxidation in peroxisomes by pyruvate-lactate exchange. An ancient origin to the utility of lactate shuttling is implied by the observation that mitochondria of Saccharomyces cerevisiae contain flavocytochrome b,, a lactatecytochrome c oxidoreductase that couples lactate dehydrogenation to the reduction of cytochrome c.
Introduction
The theoretical construct is that, together with blood glucose, glycogen reserves in diverse tissues are mobilized to provide lactate, a glycolytic product that is either used within the cells of formation or transported through the interstitium and vasculature to adjacent and anatomically distributed cells for utilization. Hence lactate is a quantitatively important oxidizable substrate and gluconeogenic precursor, as well as a means by which metabolism in diverse tissues is coordinated. This is especially the case during physical exercise, when sympathetic stimulation of muscle glycogenolysis and recruitment of fastglycolytic muscle fibres cause lactate flux to be high. Moreover, lactate functions as a regulator of cellular redox via exchange and conversion into its more oxidized analogue, pyruvate, through the actions of lactate dehydrogenase (LDH). Furthermore, when lactate is released into the systemic circulation and taken up by distal tissues and organs, it also affects the redox state in the cells, tissues and organs of removal. Consequently, during exercise lactate becomes a pseudohormone, a 'lactormone'.
Recognition that there exist both intra-and extra-cellular effects of lactate production and removal has led to a renaming of the original ' Lac- 
Historical perspective
Before advancing to consideration of contemporary concepts, long-standing ideas portraying lactate in a negative context can be traced throughout the history of biochemistry and muscle physiology. The notion that lactic acid is formed as the result of oxygen lack can be traced to work of Louis Pasteur in the 18th century. According to Keilin [4] adopted terminology from the study of phosphagens and used it to re-interpret the biphasic curve describing whole-body 0, consumption (Poz) during recovery from exercise. Using human subjects running for various durations, Margaria et al.
[13] observed that, immediately after hard exercise, the blood lactate concentration remained elevated while Po, fell rapidly during the first, fast, 0, debt period. Subsequently, the blood lactate concentration declined during the second, slow, 0, debt period. Therefore Margaria et al.
[13] concluded that the rapid 0, debt phase was a result of the restoration of phosphagen in recovering muscle. This rapid 0, debt phase was termed 'alactacid', i.e. not having to do with lactic acid removal. The investigators also termed the second, slow, 0, debt phase that coincided with the decline in blood lactate concentration as the 'lactacid' 0, debt [13].
Of the several reasons responsible for the longevity of the belief that exercise-induced lactic acidosis and the post-exercise oxygen debt were attributable to 0, lack in working muscle, the stature of the investigators must be recognized as primary. Krogh 
Blood lactate kinetics in mammals during exercise
Using continuous infusion of [U-13C]lactate into dogs at rest and during continuous steady-state exercise, Depocas et al. [20] made several key and fundamental findings regarding whole-body lactate metabolism. These findings included: (1) there is active lactate turnover during the resting post-absorptive condition ; (2) a large fraction (approx. 50%) of lactate formed during rest is removed through oxidation; (3) the rate of turnover of lactate increases during exercise as compared with that at rest, even if there is only a minor change in the blood lactate concentration; (4) the fraction of lactate removed through oxidation increases to approx. 75 % during exercise; and (5) a minor fraction (10-25 yo) of the lactate removed is converted into glucose via the Cori Cycle during exercise. In terms of quantification, when glucose and lactate fluxes were measured with radiotracers and values were compared in resting and exercising rats [21, 22] , it became obvious that much of the glycolytic flux passed through lactate, especially during exercise when the metabolic rate was high. Although the values are subject to species and experimental variations, essentially similar results have been reproduced in studies on rats [22] , dogs [23] and horses [24] .
T h e observation that lactate is produced and removed under fully aerobic conditions in humans has been demonstrated many times [16,18,25- 
Facilitated lactate exchange transport across membranes
T h e facilitated transport of lactate across membranes is accomplished by a family of monocarboxylate transport proteins (MCTs) that are differentially expressed in cells and tissues. Initial evidence of carrier-mediated lactate transport across muscle cell membranes, obtained using rat sarcolemmal vesicles [29, 30] , was followed by the cloning and sequencing of the first lactate (monocarboxylate) transport protein (MCT) [3 13. That discovery was soon followed by the cloning and sequencing of several additional isoforms that are differentially expressed in mammalian tissues [32] . In the study of Bergman et al. [25] , muscle biopsies were taken and Western blots showed training effects on the expression of muscle sarcolemmal and mitochondrial M C T l , but not M C T 4 [33].
Training-induced changes in the expression of sarcolemmal M C T l and mitochondrial proteins resulted in an increase in lactate clearance during exercise.
The intracellular lactate shuttle
Concepts similar to that of the lactate shuttle as articulated here were evolved independently by several investigators, but the ideas never took root or were generalized to a theory of biochemical organization. Histochemical localization of L D H in the mitochondria of rat heart and skeletal muscle is probably attributable to the efforts of Baba and Sharma [34] , who used electron microscope histochemistry and showed LDH to be associated with the inner membrane and matrix of rat pectoralis and cardiac muscle mitochondria. Baba and Sharma [34] were probably the first to speculate on the presence of a 'lactate shuttle', but in the absence of physiological or biochemical data they were unable to expand on the physiological significance of their discovery. In contrast, others [35, 36] made similar observations, but regarded the appearance of L D H in mitochondrial fractions as a contaminant.
Perhaps the first depiction of an intracellular lactate shuttle was by Hochachka [37] , who linked the presence of a unique LDH isoform (LDH-C) to the ability of sperm mitochondria to oxidize lactate. Hochachka fully recognized the physiological and evolutionary significance of lactate oxidation by sperm mitochondria, but he did not extend his findings to other cell systems.
Using cell fractionation techniques, in the late 1980s Brandt, Kline and colleagues [38, 39] demonstrated the presence of L D H in rat liver, kidney and heart mitochondria. Further, they showed that isolated liver mitochondria were capable of oxidizing lactate at least as fast as pyruvate [39] . They interpreted their results as indicating a lactate shuttle [38] . Subsequently, the ability of isolated muscle mitochondria to oxidize lactate was confirmed [40, 41] , as was the intramitochondrial localization of L D H [2, 42] . Additionally, the mitochondrial lactate/pyruvate transporter has been identified as M C T l [33, 40] . Because proton and concentration gradients are necessary for lactate flux via diffusion and facilitated transport, and because removal of lactate occurs via oxidation and gluconeogenesis (both mitochondrial processes), actively respiring mitochondria are essential for lactate shuttles to operate.
Today we know that some types of facultative cells can be cultured with lactate as a preferred fuel because their mitochondria possess the means to consume and oxidize lactate directly without conversion into pyruvate in the cytosol. For instance, the mitochondria of Saccharomyces cerevisiae contain flavocytochrome b,, a lactatecytochrome c oxidoreductase [43] that couples the dehydrogenation of lactate to the reduction of cytochrome c [44] .
In addition to a cytosol-to-mitochondria1 lactate shuttle, other intercellular lactate shuttles are likely to exist, for instance between the cytosol and peroxisomes, where it is known that a system for the re-oxidation of NADH is essential for the functioning of j?-oxidation. In this context, the work of Baumgart et al. [45] 
Summary
This is a rapidly changing field, and our contemporary understanding of the role of lactate metabolism has changed dramatically from classical views. Once thought to be the consequence of oxygen lack in contracting skeletal muscle, we know now that lactate is formed and utilized continuously under fully aerobic conditions. Lactate is oxidized actively at all times, especially during exercise, when oxidation accounts for 70-75 yo of removal, with gluconeogenesis accounting for most of the remainder. Working skeletal muscle both produces and uses lactate as a fuel, with much of the lactate formed in glycolytic fibres being taken up and oxidized in adjacent oxidative fibres. Because it is more reduced that its keto-acid analogue, sequestration and oxidation of lactate to pyruvate affects cell redox, both promoting energy flux and signalling cellular events. Lactate diffusion and carrier-mediated lactate exchange occur down proton and concentration gradients. These gradients are established by mitochondrial respiration that is responsible for 
